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Preface

This thesic wia basically another in the series of

studies that have been done on Paper Pilot. Captain

Teddy L. Hollis used the same procedure in his thesis

* to design a SAS for the variable stability "-13. We used

the Joint Automatic Control Conference Design Challenge

aircraft as our subject, since it was a much tougher

design problem for Paper Pilot.

Much time was spent in the first half of this study

trying La mcdify Pitch Paper Pilot. Ron Anderson, of the

Air Force Flight Dynamics Laboratory, had discovered that

ratings w-ere not very accurate for high natural frequency,

low damped fli.ght ccnlitions. Following his suggestions,

we added pilot lag and remnant to the pilot mcdel in Pitch

Paper Pilot, ii4 an attempt to correct the deficiencies.

Although accuracy was better; it was still not good

enough to eliminate the problem. This plagued us once

again in the Design Challenr work, where a poor design

, resulted for the high frequency, low damped case. We

included some ideas for finally curing this problem in

the "Reccommendations for Future Study" section.

We wish to express deep apprec~ition to r.ajor James

Dillow, of the AFIT I-ath Department, 4or his constant help

and advice during the course of this study. We also wnt

to thank Mr. Ron Anderson of the AFFDL, for his valuable0
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insights into our finlings. Finally, we want to thank our

advisor, 7t. Colonel Rusiel Hannen, for his support arl

advice throu,-hout the t

Additional thanks go to irs. arilyn Baker for typing,

the final draft.

October 1972 Garry L. Greenleaf
Lieutenant USAF

Robert P. Denaro
Lieutenant USAF
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SELECTION OF OPTIMAL STAB1 ....Y AUG. ENTATION SYSTEM PAETERS

FOR A HIG11 PERFOPWANCB AIRCPAPT USING PITCH PAPLR PILOT

I. Introcbiction

Background

The study of pilot-vehicle systems has been the subject

of extensive research in recent years. Examining aircraft

handling qualities as a closed-loot) system, with the pilot

in the control locp, promises to give more accurate evalua-

tion of aircraft flying qualities than previous evaluations

of the open-loop aircraft alone. Most of the effort has

been devoted to developing an accurate human pilot model -

not an easy task, since the human being is probably the

* most sophisticated and complex control system in existence.

Pilot opinion rating has also received much attention,

notably in studies by Cooper (3:--). A rating scale for

pilot opinion of aircraft flying qualities was developerd

from Cooper's work, and has now been fairly well standardized

for flight test and research. The Cooper Rating Scale,

shown in Table 1 on the next page, is a numerical scale

from 1 to 10, where a rating of 1 indicates excellent flying

characteristics and a rating of 10 indicates a totally

unflyable aircraft.

Paper Pilot. In 1970, Anderson, Connors and Dillow

(1:--) developed a promising new technique of closei-loo-

K pilot-vehicle analysis for pitch trackinc; tasks, a computer

/
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prograrcld it:>Pur Pilot". This prograri was an

extensicn :)f prior -.z rk calleci "Panor Pilot" (2:-) a

VT'L hove.,: tracking, --ask sch.Pitch Paper Pilot is a

fully autzi-.,ated pr~cd.et-at predicts pilot--veh;-icle

performan.-e and a pilot opinion for the pitch tracking

task, basad on the assumption that a pilot adjusts his

parameters to minimize his nx,=cric-al rating of the aircraft

dynamics.

In 1971, Hollis (3:--) used the Paper Pilot prog ram,

as a des-in tool to design an aircraft stability augmenta-

tion system (SAS) and optimize its gains to minimize t1-h e

pilot rating of the aircraft at given flight conditions.

The subje-.t aircra.t ..:as- a variable stabil1ity T-33, an

0 aircraft not capable of an extreme range of either Llach

n--x.ber oi- dynamic tpressure.

JACC Desiqn Challenge. At the 1970 Joint Automatic

Control Conference, Rediess and Taylor posed, a flight

control system design challenge for a hypothetical air-

craft with extreme variations in flight conditions (7:--).

The challenge was to design a SAS for this aircraft, whose

flight envelope included :M'ach numbers from 0.35 to 3.00

and dynam~ic pressiures ranging from 150 psf_ to 1500 psf.J

'The aircraft also has str uctural flexibility represented

by its first two bending modes. This problem vas dealt

with by Sherrard (8:--) , using optimal control, Td

(9 (9:--), using classical control, and Pal' (6:-) using

s~lfa~U;ticocnt rol tochrniqu'en
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' ~~~~Probi,-.' Deczcri "nti: _on

The problem for this ,,d. r was to cesiacn a stability

augmentation syjtem for the JACC Design Challenge Aircraft.

The closed loop aircraft response was compared with

desired response envelopcs as given in the Design Challenge.

These envelopes snecified limits oin the normal acceleration

and th derivative of nor7,-l acceleration responses. Also,

there was a numerical li mit on the rms wind gust response

to a specified input.

Appo a ch

The method used to design the SAS was basically the

Pitch Paper Pilot SAS optimizaticn technique developed

by Hollis. The entire closed loop systert is shown in

Figure 1. The optimization of the SAS was fixed-form,

that is, only the values of feedback gains within the

SAS were optimized with respect to pilot rating. The

SAS gains were systematically changed until a minimum air-

craft closed loop pilot rating was obtained. Those final

gains, then, were the optimal SAS gains. This was done

for each of a set of diszrete flight conditions which

represented the entire flight envelope. The feedback

vector, 3 , included elevator deflection, S4, pitch rate, q,

and normal acceleration, nZ . The fixed form pilot model

AI

K .._.k.. -i, ,, I IIII II IIIII I1
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was ioart of the :itch Paper- Pilot routine, which produced

pilot rating:,; for the particular closed loop dyna!rics in

use. Befor-e h:s technique could be used, however, certairn

S-- r x+Todification5 to Paper Pilot were necessary.

As noted by Anderson (1:12), Pitch Paper Pilot did

not yield accurate pilot ratings for an aircraft with

high short period natural frequency and low damping. In

this study, pilot lag and rem.nant were ad(ed to the pilot

model in an attempt to make Paper Pilot ratings correlate

with actual pilot ratings for aircraft with these short

period parameters. The level of remnant was adjusted to

better match predicted pilot ratings to actual pilot

ratings.
K"

Ove rvi ew

Since the first part of this investigation concerned

modifications to Pitch Paper Pilot without considering the

JACC Design Challenge, these modifications were discussed

in Chapter II. The JACC Design Challenge is introduced

in Chapter III, and the digital optimization of SAS gains

is summarized in Chapter IV. Analog simulation results

are the topic of Chapter V, and in Chapter VI some con-

clusions on the entire study are drawn and recommndations

offered for future study.

(9!
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11. P 1o t Zt, Prcdiction

t roduticn

Pilot -at:,: prediction for this study is based on

a modified version of the "Pitch Paper Pilot" computer

progr ,:-,, origi:..lly develo-ed by Ande'rson, pillow and

Connors (1:--). This procrra determines 1he pilot mQ-0c.e1

parm~ere'--s, clc. ed loor pilot-vuicle o'e t'..ance, md

a Cooper scale pilot opinion rating of the aircraft's

handling qualities for a pitch tracking task.

As originally formulated, this program used a simple

pilot model, Incorporating gain, lead, and a pure time

delay. The time delay accounted for both reuro-micular

lag and reaction time delay. As shown in ligv're 1, com-

bining this pilot model with the SAS, airframe, ana

ele-vator servo models results in a complete closed loop

pilot-vehicle model, which is used to define a set of

state equations used in the program.

The procedure for predicting ratings from this

closed loop formulation is based on the hypothesis that

a human pilot will adjust his parameters (the equivalent

of the pilot model gain, lead and time delay) to allow

him to give the lowest (best) rating to the aircraft

that he can at the particular flight condition. Thus,

(
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by minin-.ing oncm properly chosen rating e iprssion with

respect to pilot pl.rarneter3, the program can be expected

to prod.: e ratiivis well correlated with actual pilot

ratins. Tn the ori-inal program, an ompirically dw.lepd&

rating function, PR, is minimized with respect to Yp, the

gain of the pilot in the pitch loop, and TL, the pilot

lead in th._ pitch liop (the trie delay is considered a

co.stant) Conjugant gradient and Newton-Raphs . search

procedures, as shown in liollis (3.17-23) , were used to

find the minimum.

Rating Expression. AndersonL, Dillow and Connors

(1:4-5) developed a rating expression for use with the

above procedure. This expression is of the form

PR = W1 + W2 + 1.0 (1)

where

0.% <0.974% (2)

0.974 , -a,

and

W2 -- 2.5 TL  TL < 0
2.5 TL  0<-TL<I.3 (3)
3.25 T(3)3

W is a measure of closed loop performance where ' is

the commanded input variance and a. is the pitch error

variance. W2 is a muasure of pilot workload, and is a

function of TL, the pilot lead.

C)



Sho-rtcc-tir~c.- ! the~ nzir~rai As orginally

formulatA.ed, Pitc-; Paner Pilot nave accurate riatings -for

most f light cr:i&. icve\:r when the program was

applied to fit uctiOnrS witA ih 11...shorDt 1pCr1ioci

frequency and low dampinq, the predicted ratings for the

fricht conditicr,& were sianificintly better (lower) than

actual ratings (1:12).

Since the P~~:r Pilot concept 1f.:as work very well for

most pitch case:; and for all flight conditions when applied

to other tasks, such as roll (5:--) and hcver tracking

(2:--) , somne modification to Pitch Paper Pilot should

correct this fault.

RemnantStudi-s

One possible approach to improving the rating scic'me is

to include pilot remnant in the pilot model. Remnant is

that portion of a pilot's output that is not linearly

correlated with the system.' input (4:--) . Pure noise injec-

;-on by the pilot, non-linear operations, and non-steady

pilot behavior ate considered to be the possible sources

of remnant.

It was hypothesized that the addition of remnant to

Ole pilot model would tend to producc higher ratings fro:n

Pitch Paper Pilot for all flighit conditions, but that

this effect would be greater for conditions %v ith low
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damping and hih "recquency. This would allow the critical

(high freqaercy, 1c,,: damping) predicted ratings to be

raised to mere realistic valucs without pushing other

cases too far above their original values.

Considering remnant as pilot induced noise with a

relatively high bandwidth, it is easy to see that this

pilot noise could excite an undesired response in the air-

craft. An aircraft ,with a high short period natural

frequency should filter less of this remnant effect out,

resulting in greater tracking error. If this undesired

response were also lightly damped, it would be even more

noticeable to the pilot. Thus, for the critical case,

tracking error and pilot workload .;ould increase more than

for other cases. For a pilot model with rem'nant, therefore,

predicted ratings would be expected to increase by a

greater amount for the critical case than for other cases.

New Pilot Model. To test this hypothesis, a new

pilot model was used .n the computer program which was a

higher order model including both remnant and a lag term.

The new pilot model is shown in Figure 2. Note that the

remnant is modeled as a zero-mean gaussian white noise

put through a first order filter. To model high trequency

remnant, the cut-off freqency, w,-, was chosen as 20 radians

per second. TI is tte lag time constant, which was chosen

as a constant of 0.1 second' to repre.i, nt the rcuro-mnsrulAr

(
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lag. T in the time delay term was reduced to 0.32

seconds, representing the higher order neuro-motor delay

and the pure time delay. The program still optimizes

with respect to K and TL only.

A set of system equations for this pilot mode!,

including the actuator, are developed in Appendix .. By

combining these equations with the longitudinal airframe

and control system equations of Appendix A and reducing

them to state variable form, an accurate mathematical node.

of the closed-loop system was substituted into the proper

sub-routines of the original Pitch Paper Pilot. This

modified program was then used to test the effect of the

remnant on rating predictions.

Results of Pemnart Studies

The modified Pitch Paper Pilot pro'-ram was tested on

cases for which real ratings were kno..n. The data frc;. &
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series of Navy tests with a variable stability F-8 (1:10-12)

were used as test cases. Pertinent data for these two

sets of cases, one set fr.r landing approach and one for

low altitude hiac. s;,ocd t,-;ts, are shown in Tables II and

III on the following pages. Also included in the Tables

are the actual average pilot rating. As can be seen

from Table III, the acrec:-nt between actual and predicted

ratings is particularl rccr for the Io. altitude high

speed cases. These cas- are mainly of the high frequency,

low damping type. For the other cases, as shown in Table

II, Paper Pilot did give good results.

The Effect of Remnant. Using the new Pitch Paper

pilot, u series of predi'ted oilot ratin<1. were cornmuted

/( for each flight condition using a variety of different

levels of remnant, starting,in each case, .,ith a zero

remnant. A commanded input with an rms value of 0.5

radians was used in all cases. With this input and the

remnant specified, stick input could be calculated for

each flight condition and remnant level.

Remnant only begins to affect ratings as it becomes

significant in comparison to the stick input required

for the particular flight condition. For this reason,

the set of ratings for each flight condition were plotted

with respect to the remnant to stick ratio ( cr/ (,S2

4.



"ABLE II. Na,.. Data ardOririnal jth
Parer Pilot PrediLcted Ratings.

Powered Aroa.h Cases.

Reference 1.

S CC)IU F U -l PILOT PRI;)ICTED
RTMG RATIN'GCAS R T .,Gn RA

'a b

P A 2 .15 0.42 3.50 3.27

PB 3.04 0.77 3.70 2.83

PC 1.53 0.20 5.75 4.85

PD 1.60 0.29 4.25 4.12

PE 1.69 0.37 2.67 3.75

PF 1.77 0.43 2.50 3.51

PG 1.21 0.30 5.00 4.99

PH 1.28 0.40 4.17 4.37

PJ 1.53 0.68 2.50 3.59

K .00 0.39 7.00 5.58

-PL 1.34 0.80 3.25 3.84

a. Average pilot rating for the test aircraft
at the given flight condition. Individual
pilot's ratings varied as much as three
ratings for some of the rli;ht conditions.

b. Ratings calculated from the original Pitch
Paper Pilot program.

I

0q

(>1



G - -3

Gsc/ :./7' _3

TA1 - " ".- .""' :,Y 0 -i ' . .... ,["
l~t, ' , , '  :T ~ " ','=' T: ' ,' T" :I T DiT'T',

Reference I

Ciuration Pilot Predicte!
Ca- -C<.... Ra t n z

LA 13.8 0.18 4.00 2.18

LB 14.7 0.28 2.50 2.25

LC 15.0 0.30 2.25 2.42

ID 9.3 0.32 4.00 2.17

S9.4 0.5 3.60 2.18

0F 9.8 O.41 2.63 2.24

LG 10.4 0.45 1 .3z 2.34

D11 5.3 0.20 5.33 2.83

LJ 4.8 0.30 4.00 2.66

1K 4.6 0.37 4.00 2.63

IL 4.0 0.41 4.17 2.62

a. Average nilot rating for the test aircraft
at the given fli<"it condition. _dividual
pilot's ra.ta-ings va-ried as a trre
ratings for so:re con:Tiht eo. t ors.

b. Ratings calculated from the original Pitch
Paper Pijet pro;vram.

14

rr



w]

GGC/EE/7 3-3

Plots of remnant to stick ratio versus predicted

rating are very similar for all cases; the predicted

rating rises by <:.[aze1'; the same amount for a vjivon

remnant to stick ratio, no matter what the flight condition.

Four typical cases are shown in Figures 3 and 4. They

clearly show this similarity of curves for different

flight conditions.

This similarity in remnant effects makes it imposc-•i-

to pick a particular remnant to stick ratio that would in-

crease the ratings for the critical case (high frequency,

low damping) without increasing the ratings in the other

cases by about the same amount. Thus, the critical cases

could not be adjusted to more closely correlate with real

'U pilots' ratings without having a corresponding effect of

increasing the other ratinas to values that were signifi-

cantly higher than their actual ratings.

Modified Rating Exoression

Including remnant in the pilot model failed to provide

the anticipated improvement in Pitch Paper Pilot, so modi-

fication of the rating expression was tried. Small adjust-

ments were made to the constants in the pilot rating

expression in an attempt to correct the critical ratincfs.

This modification also failed to solve the problem. Each

flight condition was similarly affected by equal changcs

_ in constants, as wit.h the rer.nant eff"ects.

L- , i I ' - i -
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F I2>l %IGi f ,ict ic n tL Pa n z Plot

Obviously, the changes made in the original program
.were not very si:ccoiu± in eliminating Paper Pilot's main

fault, inaccurate ratings for high frequency, low damping

conditions. However, the modified pilot model, with

remnant and lag, w7-4 incorporated in the closed-loop model

because this model is a closer ap.,ro:i:-.ation to the human

pilot and the use of a non-zero r did slightly

improve the predicted rating for the critical flight

conditions.

A remnant to stick ratio of 0.6 was selected for the

revi~ed model. This ratio is in a region that does not

cauo. extremely large changes in rating for small changes

in the remnant to stick ratio. The scatter diagram of

actual versus predicted pilot rating for this value of

remnant to stick ratio, as shown in Figure 5, does show

a fair correlation of actual to predicted pilot rating.

The 0.6 remnant to stick ratio did give the best scatter

diagram of the ratios tested.

Calculation of Remnant. The remnant required to

generate the proper remnant to stick ratio is calculated

by a simple procedure incorporated in the computer program.

Mean-square remnant value is determined by manipulating the

following equation

2 2 24 1-, 2 (4)

p.r

, , , ,, , i 'ii I I * '
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7

G 5

- - - R~~Qt~rg ~'i'

2

........ ........ Rating 3 _ _ __ -=

1 2 3 4 5 G 7

Pre ;cLed PI!Ot Ratins

Fijure 5. catt~r '10"r~-if' of O.C.

2r

where . is the mean-square input. First, kI is found

by setting the remnant at zero (ar = 0 ) so that
a2

then k2 is found by setting the remnant at unity and the

input to zero ( a. = 0) so that

k2 = as 2 (6)

Now, for.a specified remnant to stick ratio, k 3 ,

22(1/k3)= kla 2 + k202 (7)
r 3 k2 'r

and

k2 It()i2

r (1/k3)-k 2 2

This routine was added to Pitch Paper Pilot and the

modification was used in the outimization routine.

, , | | | n i ... | | n.. . . . . .
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* Thougih tlie modifications were not tota'Lly successful,

the resultant Pitchi Papcr Pilot, including :ennrt, was an

- inprovement, r-az-;'d to be a cood tool for SAS de-'i.gn.
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IlI. joint Atoa I ort-l Qne .D ___Cha]Ae...

The JACC Desi Challenge {7:--) szc-cified aircraft

dynamics, servoactuator dynamics, onboard measurement

systems, structural response dynamics, a mission profile,

a gust environment, and desired closed loop responses for

the final augmented aircraft design. The aircraft was to

be piloted by a human pilot through the mission profile.

Sixteen discrete points in the mission profile were selected

as representative of the entire flight envelope. These

flight conditions are listed in Table IV. The problem was

to design a SAS for this aircraft which brought the air-

craft response in all flight conditions to within the

specified envelopes.

Aircraft Dynamics

Only the longitudinal mode of the aircraft was consi-"

dered. The phugoid mode was assumed to be negligible. The

longitudindl short period rigid body dynamics of the basic

aircraft are given by the following set of linearized

differential equations

Z a + ZQ Lo (9)
Ja + + Uo

q + Mqq + e  + '. (10)

oUo



"V. FLIGHT 0' .i,~ ~ 0 CI
-7 .L : 1 . .

Referer-ce 7.

F'i,,ha "ach Velocity Aittude DynamCo~ i -1- ; .1 u m b e r (f ( +t P s r Ce
____ ___ __ ___ ___(pa--)

1 0.35 391 0 153

2 0.63 704 0 490

3 0.86 961 0 830

4 1.03 1151 0 1160

5 1.14 1272 0 1500

6 1.60 1670 18,500 1500

0 7 2.07 2046 31 ,500 1500

8 2.54 2460 41,o00 1500

9 3.00 2904 50,000 1500

10 3.00 2904 55,000 1155

11 3.00 2904 62,000 820

12 3.00 2904 74,000 490

13 3.00 3020 101,000 150

14 2.33 2285 88,500 150

15 1.68 1626 73,000 150

16 1.01 907 52,000 150

a. Fli -ht condition3 ai-c T :c amon7 the nor i na 1
tra4jectory at fifteen second int rvtv, with
F]§.ht :onditicn 1 at 7,ro time.

h2?
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where a ii angle-of-attack, q i"s pitch "aC, is ie
levator dctcn, .,, is a wind gt, io is non,.rnl

airs:ecd, a is the acortion of graty ad the coof-
c n t s ce i .ar rad Sh coeb-- 1i -

....nt zC t> .c v:':,,k re II': e ircrc"f- sta.-bility

derivatives. These ecuaLcns are transformed into a

state variable form uscd in this study in Appendix A.

.n the Desi.-n Cha]1.nae, the sde

were ex:-ressed statistically as random variables , th a

normal distribution. However, to narrow the design

problem, only the mean values of the stability derivatives

were used in this study. They are listed in Table V.

The original statistical description of these coefficients

can be found in the JACC Desig7n Challenge (7:18).

.Measureinent S-sten and Structural Res -;-e Dvnar',Acs

The effect of the structural response on the feedback

system is a function of the sensor lecaticns. Only the

first two bending modes were considered, modeled by the

differential equations

+ 2S11U + w2u (12)

+ 2S2 2 $2 + W2_2 = (13)

where ' -4UoZ 6  and 1: and are the first and 9ccon,.C

bonding mode deflections respectively, at a specific

reference station. Again, although th ",-'i; Di.n.
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Challenge presented the bending mode parameters in a

statistical sense, only the mean values were used in

this study. These are

= 30 rad/sec I= 0.01 (14)

W 50 rad/sec 3= 0.01

2  2

The measurement sensows were ass'med to be ideal,

however, the quantities measured inclu7ed the bending

mode response and incependent noise in addition to the

rigid body response. The following measurements were

used for the selected SAS configuration

qi =q - Aelv - Xe .) + qn (15)

U nz nz + ] (Lzq + On, i + n25. ) + nz (16)

These are the indicated pitch rate and indicated normal

acceleration equations. A and are the respective

bending mode slopes at the sensor locations relative to

the geneialized displacements, c1 and u2F while On, and

0 n2 are the relative displacements at the accelerometers

due to the bending modes. L. is the distance from the

aircraft center of gravity to the accelerometers. The

terms nzn and qn are zero mean gaussian white noise.

The values of the parameters used are

1= -0.025 rad/ft.

02 = 0.040 rad/ft.

*) r
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L = 10 ft.
z

0-, = -0.15

n2 =0.45

E (qn) = (0.0005)2 (rad/sec)2

- . n )2 = (0.01)2 (9)2

n

Servoact-uator

The control servoactuator is described by a first

order lag with an output rate limit. The equation for

the servoactuator is

-20 S, + 2 s0 (17)

* with a rate limitation of

II <_ 0.5 rad/sec (18)

where S, is a commanded input to the servoactuator.

Design Specifications

The design specifications from the Design Challenge

are the response envelooes shown in Figure 6. These are

the envelopes superimposed on the plots of the airc-raft

responses shown in Appendix C. The response envelopes for

normal acceleration and its derivative are normalized

in amplitude by the steady state normal accelertion
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2.0.
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and in time by a fac-cr r which is a discrete function

of dynamic pressure

T 3. sC 150 - q < 500 psf

1.0 sec 500 _ q - 15C0 psf

In the absence of a pilot input, the aircraft response

to a specified vertical wind gust must be less than 0.1 g

rms. The wind gust, Wg, is assumed to have a zero-mean

gaussian distribution, and a power spectral density given

by

G (W) 2 C (19)w I 2-7,T
C

where a = 5.0 fps and oc = U./1000 rad,/sec.

Finally, the Design Challenge specified restrictions

on stick force, but this requireme-t was not considered

in this study. It uas assumed that stick force could be

artificially induced, and would not limit the SAS design

involved in this study.

P4

(
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IV. S'7 Par :-eter 7.t m. aticr

Designing a stab ilit y augmentation system for the

JACC Design C 9 ir;c-r. r Ct w:s the main project for

this study. This was done by changing the feedback gains

for a specified fixed form SAS until the closed loop

system, including the pilot, actuator and S.XS, as well

as the aircraft dynaMics, had the lowe..cst pilot rating.

This optimum pilot rating was determined by Pitch Paper

Pilot.

The design was restricted to the longitudinal axis,

for a pitch tracking task. A detailed diagram of the closed

loop system model is shown on the following page,

Figure 7. Note that the stability augmentation system

used the three para..eters; elevator deflection,

pitch rate, q, and normal acceleration, nz . As discussed

in Chapter III, measurements of n. and q are subject to

disturbance by the aircraft structural bending. For this

reason, these measurements are filtered in the feedback

loop, to remove some of this disturbance.

For this aircraft, the break frequency of the filter

was chosen as 8. This was the value arrived at by Sherrard,

and represented a good choice of maximum attenuation of

body bending effects with minimum attenuation of the rigid

body dynamics (8:28).

0
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The I:ilot mc(dl for t-,e closed loon syster is the

hc-,, pilot nde1 dp,'elcped for Pitc n aper Pilot in Chapter

I. The :Ivrv.z acnun z :-innics are repronnted by a

simple first order lag,

Priel Pr:-, ram_ Desription

Pitch Paper ? ilot umsc the clos -d loop S'scem r.de

to determine the aircraft's predicted pilot rating. A

pattern search technique, developed by Zuckerman (10:--),

uses Pitch Paper Pilot to find the SAS gains that minimize

predicted pilot rating within the actuator rate constraints

given in Chapter III.

U) The procedure is as follows: SAS gains are changed

systematically and Pitch Paper Pilot cornputes a predicted

pilot rating for each set of gains. The program proceeds

until a set of gains is found that give a minimum predicted

rating, without allowing the quantity, "S , to exceed 0.5

radians per second. "% is a three sigma measure of

elevator rate, so there is only a very low probability

that the rate constraints would be violated if is

kept within limits.

This SAS optimization technique is basically the

same as that used by Hollis in his study of the variable

stability T-33 (3:25-31).
©I

02

*74-
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New > '.: '- Pitch Pa-er Pilot requires the closed

lco 9 s,ster. t: bc tDl:aled in a state vector equation form.

where z is the state vector, v is a noise vector and A

is a matrix cf coefficients called the A matrix.

In examihnino the Design Challenge aircraft, two

closed loop models were used, one of ninth order without

the two second order structural bending modes and one of

thirteenth order including the bending modes. Th state

equations for th.cse two models are developed in detail in

Appendices A and B.

The for, of the state vector, z, for ninth or thirteenth

order is as shown below.

z= e or (21)

q q

w w

Yl Yl

Y2 Y2

ec 9c

Sr Sr

r

s



The two v~ctor- are siriilar, except tihat the thirteenth

order inc].uds fcu extra states to represent the beniing

modes. e is t,p L is pitch rate. is a

feedback state cc:'Zini.- vertical acceleration and pitch

* rate feecback = Kq qf + K n ). w is a state
zZf

formed from ancle of attack and true airspered (w = U0 a)

is the actuator (elevator) deflection. %l and Y2 are

states formed from the lac-lead and time delay portions

of the pilot model, as detailed in Appendix B. Gc is

the pitch command. Sr is the remnant. u and u2

represent the longitudinal bending terms for the JACC

aixcraft and r and s are their respective derivatives.

The A matrices for these ,odeIs, which ,re necessarv

for Pitch Paper Pilot. are shown on the following pages.

Figure 8 shows the ninth order A matrix and Figure 9

shows the thirteenth order A matrix.

Optimization Results

The SAS gains were first optimized for the ninth

order model, with no structi:ral bending considered for

fifteen flight conditions. Table VT shows the results.

The table shows the minimum predicted rating, the aug-

mentation system gains that produced it, and the calculated

three-sigma value of actuator rate required. Note that

4

()
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FlI.Tht Kq Kn K Actuator ,R i

/ .")(see
1 -0.24 -0.0014 -0.63 0.499 2.900

2 -0.17 -0.0002 -0.20 0.493 2.597

3 -0.09 -0.0001 0.09 0.499 2.510

4 -0.04 0.0001 -0.38 0.499 2.,47

5 -0.04 0. 0000 -0.4S 0.499 2. 5

6 -0.04 0.0001 -0.34 0.499 2 . 5

7 -0.007 0.0002 -0.54 0.495 2.1E4

8 -0.08 0.0002 -0.67 0.499 2.224

9 -0.06 0 -0.49 0.497 . 26

10 -0.09 0.0000 -0.59 0.487 2.916

11 -0.11 0.0004 -0.74 0.498 2.415

12 -0.15 O.0006 -0.77 0.499 2,620

13 -0.17 0.0007 -0.26 0.499 3.972

15 -0.20 0.0004 -0.69 0.499 2.0o,2

16 -0.04 0.0017 -0.17 0.499 3.474

3G
F



GGC/EE/72-3

.. ,, . .. ". OI:'t . ', - '
'

,,, . ...- I, ,.: ,. .,j". .. ""

FOUND IN 'THE ;INT'" OR-,: O'21,IZATIC1.

F . -!ht Acttuaor Frc> ic -

C0cndi ir rPa t P. ".,,,

1 .502 2.900

2 .501 2.590

3 .500 2.511

4 .500 2.448

5 .501 2.450

6 .500 2.328

7 .499 2.184

8 .502 2.222

9 .501 3 .26

10 .489 2.925

11 .500 2.412

12 .503 2.615

13 .501 3.975

15 .502 2. 803

16 .502 3.475

C2)



wont* the t ti tto *Tith oru'4.r &yetofs was run wl tho.jt

Apparently, the Ite linj*Pmi44u have little effect on the

dosign In these c~es

As a furfhf-r tfIt selected ~1~tCA'Oitionu Wtith

vart#4 4&ch m-ii'~r ,"ord . rtamc preasures. -,,re t~lly

oatirmizol with the teIrteerjth order r-j('el to vee hoIw

the optirmal SAS gaints werft chan/;ed. Table WIU shows

this results of this test. Again, only negligible variation

from the ninth ordor results w39 observed.

Tab~le V111. (Opti-- lrara--t# ri for Selectedl

x02 Actuator Rat1r-4

-02 -0.0014 -. 2 041 291

.7-0.07 0.00l -0.54 0.4112,S

9 0.6 . 111 -t 44 0.433 3.119

1b -0.09 0 nr'~ -0.' 0. ~ 2.125

A _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _
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For the .ACC :.icn Challenge, addition of the

be-idin. modes l.i 1te 6iffer nce. Ninth order results

cc.ild be u-z.e, f all- b*r .itio.-s. This has an extra

advantage, si.Lce l.v4ch le-: computer time was required for

ninth order optimization.

Gain Sche.-lin

In his study of a variable stability T-.33, 1ollis

found a simple relationship between 1/1 and the SAS

feedback gains (3:33-38). This allowed the gains to be

scheduled for the flight conditions, in relation to

dyna a.ic pressure.

. The JACC Design Challenge optimization reSUltS

sho wed a similar correlation between i/a and pitch rate

feedback gain. This is shown in Figure 10. Note that the

gain:s are all grouped along a curve, with the exception of

Flight Condition 16. No reason was found for this single

variation.

No simple dependency could be found for elevator

deflection feedback gain, K. Figure 11 shows a graph

of K j versus i/£.

Normal acceleration feedback gain was so close to

zero in all cases that it would probably be considered

zero for scheduling purposes.
C
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Analc . simulatiu: of the Design Challenge aircraft

and S ..... Chapter V, .'vealed that a pre-

filter on the pilot's input to the aircraft was needed to

meet the .iesign criteria, Without the pre-filter, an

u_-desirab-e npgative spike was present in the initial

nrral az:-nIeration and accelration rate :hich exceeded

the envelopcs defined in Chapter III. The pre-filter

significantly improved this response for most flight

conditions.

Adding the pre-filter produced a new system model

of fourt-ent', order. Since the pre-filter was not in

c9 the original system model, it was reasonable to expect

that the new model would have some effect on the predicted

ratings fror. Paper Pilot.

The pre-filter is on the Sp signal from the pilot

model to the actuator (see Figure 7). Thus, the model

is iuodified as shown in Figure 12.

The break frequency, Lop , used here was 5 rad/sec.

The new state equations for this fourteenth order mode

are fPully developed in Appendix D.

Table IX shows the results from Paper Pilot studies
with thie new state equations. The feedbazk qains from the

'II



Figure 12. Pre-Filter.
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i i IT' JX. A 'C MT 'i ' A'D F: ' ' I , ,0,

F1, ht Actuator Predicted a

Condi ition Raz e Rat ing(r~d/'soc)

1 .22-A 2.18 -

2 .131 1.860

3 .104 1.748

4 .181 1.652

5 .201 1.601

6 .187 1.611

() 7 .210 1.603

8 .316 1.723

9 2b

10 .190 1.775

11 .199 1.849

12 .192 2.031

13 .217 3.074

15 .1 1 2.194

16 .093 2.705

a. Drop in ratings fro- the ori i.nal ninth o rer
values rar-e, f o,,. 0.5 to 1 .0 C I r .-S with
most values around 0.8 ritinCs.

b. Flight conditien 9 would not convrr-e for tT.is
situation (TT ne ar 7ero), so nIo actui tcr rate
was calcliatd. Pre r trorn
the point of clos co-st ,,,.c, e (fradiont of1 .6).

"',
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ninth order SAS cntimizati-n were used to find new predictecd

-ilct ratiniqs and actuator rates. As shown ;n Table IX,

--the addition of the re-filter produced a substantial

change in bot:. predicted rating and actuator rate. Note

that all ratings were lowered by about the same amount.

With both the rating and actuator rate lowered, it

was expected that a SAS cain optimization for any flight

condition would further lower predicted pilot ratings while

raising the actuator rate close to the limit. Flight

condition 1 was checked to test this hypothesis. As shown

in Tabl.e X below, the expected result occurred.

K Kn  K Aetuator >t ir.
C n(se ) tadg)(ra I ", c

?Lh Order -0.24 -0.00!4 -0.63 0.499 2.9

13th Order -0.24 -0.0014 -0.62 0.49 2
optimum

141:h Order -0.24 -0.0014 -0.63 '%22-1 2.1
('p.ij k:urn w/
9th 0.--.. cr
iarrmetcrs

1..h O,"Ter -0.44 -0.0019 -0.61 0.4?

t4 i
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Although son.e studies were done with the system

including the pr.-filter, a great deal more work could

-be don in thl.i -.ra.

Conclusions

The SAS optimization procedure, including Pitch

Paper Pilot, wor.-:2 ,ell for this system. _n ceneral, th

procedure works well for syste ms of a .easonable order and

with few feedback states. Increasing the order of the

system or the number of feedback parameters requires

causes a large increase in computer time. For instance,

increasing the order frcn ninth to thirteenth order

approximately doubled the required computer time. The

Air Force Flight Dynamics laboratory has improved some

of the search routines within Paper Pilot to reduce time

requirements, which should help to alleviate this problem.

As stated earlier, the bending modes did not significantly

influence the SAS design in this case.

I

~* I-
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-) V. Simulation

Procedure - Commanded Rpsponse

The Design Challenge aircraft and the SAS were

simulated on an EAI Pace analog computer. For comparison

purposes, and to check the computer patching, the system

was first run open loop, that is, without the stability

augmentation system. Then, the feedback loops were closed.

The input for both cases was a commanded step elevator

deflection. The plots are presented in Appendix C.

Throughout the simulation, only the mean values of

the stability derivatives and flexure mode parameters

were used. The additive white noise terrs in the equations

of the states perturbed by the flexure were dropped. It

was assumed that the analog computer generated enough inner

noise to compensate for the elimination of these terms.

Flight Conditions 1, 3, 5, 9 and 13 are presented here

as a cross-section of the possible combinations of Mach

number and dynamic pressure. Table XI gives a comparison

of these values for the five flight conditions.

JACC Design Challenge Response Envelopes

Before examining the closed loop aircraft responses,

several points should be made about the JACC Design Challenge

0 normal acceleration response envelopes. Their shapes appear

to be contrived limits on more conventional parameters suc

4L
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Table XI. Comparison of Flight Conditions

Fl ight Dynamic Mach
Co: di t Pressure Number

1 low low

3 medium medium

5 high medium

9 high high

13 low high

as rise time, settling time, peak overshoot and under-

shoot. It is difficult to say whether or not these

envelopes actually represent good handling qualities in

the opinion of a pilot. Consequently, the Design Challenge

* _envelopes may not be good criteria for evaluat .ng the

response of an aircraft with a SAS design based on pilot

rating.

In addition, the normalizing factor, r , was a

discrete function of dynamic pressure. Depending on how

it was arrived at, this non-linearity could over-

restrict responses for eitner the extreme values of .

or for the middle values. In any case, T as a continuous

function of g. would have perhaps been a better normalizing

constant.

Regardless, the Design Challenge response envelopes

were used as the criteria to judge the normal accelera-

/ )A
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--tion response of the augimented aircraft. They did pro-

vide a quick "eyeball" assessment of the final closed

loop response.

Normal Acceleration Response

All five flight conditions had a response with a

large negative normal acceleration spike at t = 0+.

It was especially noticeable in Flight Conditions 1, 9,

and 13. The spike appeared, with the exception of Flight

Condition 9, in cases where the Iwas low, which is rea-

sonable if one considers the aircraft in such an environ-

ment. In order to achieve a quick ruse time at low

dynainic pressure, the control action of an elevator

deflection translates the aircraft vertically downward

before rotation occurs. With a high I the elevator

has greater pitch control effectiveness, thus the aircraft

does not experience so great a negative nz . Flight Con-

dition nine is affected more by other factors and will be

discussed later.

Pre-Filter

To deal with the negative no-mal acceleration spike 4

problem, a pre-filter was added to shape the pilot's

commanded input. The corresponding equations are presented

in Chapter 4. The filter was not used initially in the

AL
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optimization routine since the fixed-form SAS was chosen

to be solely the feedback systern in Figure 7 . However,

the pre-filter _as adided after the simulation results

showed an undesirable spike in the output. Table IX

shows that the change in pilot rating was significant

after the addition of the filter. Since no extensive

SAS optimization was performed with the pre-filter in

the system, it is impossible to say just what its effect

would be on the final closed loop response. Probably one

of two possibilities would result. Either the optimiza-

tion and resulting feedback gains would bring a negative

spike back into the response, or the filtered input would

be sufficient to yield a final response ::ivhout the high

(_) frequency spike. However, this study was concerned only

with augmenting the aircraft with a reedback SAS, and the

filter was added merely to check its effect on the negative

spike, regardless of its eflect on the rest of the response.

It was concluded that the original SAS design was still

valid in its "optional" sense.

The pre-filter used was a first order lag. Break

frequencies of both 2 and 5 radians per second were tried

for each flight condition.

The addition of the filter brought the responses

closer to the prescribed envelopes, but in general the

negative spike was still large enough to fall outside of
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the envelope. The effect of the filter depended on the

"frequency" of the spike. A short narrow spike, such

as on flighL. c-ncition 5, was effectively removed by the

filter, while a long, wide spike, such as on flight

condition 13, remained with the filter in operation. For

the most part, the filter with a break frequency of 2

was too restrictive, lowering rise times below acceptable

limits. Perhaps a new optimization with this filter

employed would yield better performance characteristics.

Hig2h Frequency, Low Damping

The closed loop response for flight condition 9 falls

outside the Design Challenge envelopes. The reason for

the failure of the Paper Pilot in this case seems to be

t..e same problem as discussed in Chapter II. The Paper

Pilot does not accurately reflect pilot opinion in the

case of an aircraft with a high natural frequency and low

damping. Table XII shows the open loop short period

parameters for the simulated flight conditions. The final

column, "Improvement ii. Closed Loop Response", is a

judge of how much the SAS improved any deficiencies in the

open loop response. Flight condition 9, with a . of

0.109 and w, of 5.51, falls into the region where the

Paper Pilot had previously failed. It must be concluded,

therefore, that the addition of remnant, discussed it,

Chapter II, did not completely solve the problem. Further

S.
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Table XII. Short Period Para;-'et, ,
and Closed Loop Response Qii'-y

F I i g t N' I ot Im rove ment
Condition lnsp 3sp Rating in Closed

Loop Resnonse

1 1.26 0.238 2.90 Very Good

3 4.30 0.386 2.51 Good

5 8.08 0.337 2.45 Fair

9 5.51 0.109 3.27 Poor

13 1.74 0.035 3.97 Very Good

support of this conclusion can be found in Table XII.

Flight condition 13, with an equally poor open loop res-

ponse, yet a !iwer frequency, was improved significantly

when the SAS was added. The final pilot rating was 3.97.

Flight condition 9, received a better pilot rating, 3.27,

yet the closed loop response was considered very poor.

Flight condition 5 also fell into this high frequency,

low damping region. While the final closed loop response

was not bad, the degree of improvement over the open loop

response was slight, indicating once again the problem

with Paper Pilot.

A possible cure for this problem would be the addition

of a normal acceleration term or pitch rate term (which is

related to normal acceleration) in the cost function used

( .

y -.
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term be added to the Paper Pilot rating expression

to correct this problem.

Although a =zcd design procedure, Paper Pilot

proved to be very costly in computer time. The Air Force

Flight Dynamics Laboratory has recently improved search

procedures to Ic-er the computer time. Also, reducing

the state vector of the entire system by approximations

significantly reduces the required time. In this study

it was found that ignoring the two second order bending

modes of the Design Challenge aircraft made little

change in the SAS design yet greatly improved computer

time.

Reco~mendations for Future Study

In light of various problems and insights encountered

during the course of this study, the following suggestions

are offered for future work using Paper Pilot:

1. Incorporate a pitch rate or normal accelera-
tion term into the pilot rating expression
in Pitch Paper Pilot.

2. Optimize pilot ratings with respect to pilot
lag as well as lead and gain, to study effects
on high frequency, low damping cases.

3. Find optimal SAS gains for the JACC Design
Challenge with a pre-filter included in the
system.

Applying some of these refinements, Pitch Paper

Pilot could prove to be a very useful tool in SAS design.

Lr
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ft/sec, which is a r-.ther small vertical wind gust.

It is not unreasona-2e to find that the aircraft does

- not respond to this -:all disturbance.

Comparisons

The JACC Design Challenge was studied earlier by

Sherraru, Ward and >l. Sherrard us-d optimal control

techniques, Ward used classical control techniques and

Paul used self-adaptive control techniques. Comparing

the simulation results of those studies with the results

presented in Appendix C illustrates the success of Paper

Pilot. Paper Pilot optimization gave better compliance

with the Design Challenge response envelopes than flight

conditions 3 and 5 in Sherrard, 1 and 3 in Ward, and 1,

3 and 13 in Paul. In those flight conditions, Paper Pilot

had better rise times or damping in the normal accelera-

tion responses.

<2
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Ii

VI. Ccnclusions

Paper Pi .t offcr a viable method of SLS para.cer

optimization for SAS design. Selecting SAS gains that

give the minimum pilot rating for a particular aircraft

configuration results in SAS parameters that are pilot

rating optimal. In this study, this method often resulted

in a closed loop response that was as good as or better

than the response from designs by classical or modern

control techniques.

Initially, Pitch Paper Pilot was modified to include

terms for pilot remnant and lag in the pilot model. This

was to improve the accuracy of the predictcd pilot ratings

for flight conditions with a high short period natural

frequency and low damping. This was not the total answer,

as some inaccuracy still existed after the modifications.

Paper Pilot was next used to select SAS gains for

the JACC Design Challenge aircraft. An undesirable nega-

tive normal acceleration spike appeared in the analog

simulation of the closed loop aircraft. Adding a pre-

filter to shape the pilot's commanded input improved this

aspect, but complete SAS parameter optimization with the

pre-filter included was left to future studies. The

problem with high frequency and low damping conditions

appeared again, and it was suggested that a pitch rate(o
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term be added to the Parer Pilot rating expression

to correct this r roblem.

Although a :c. 'sign procedure, Paper Pilot

proved to be very costly in computer time. The Air Force

Flight Dynamics Laboratory has recently improved search

procedures to Lo:er the computer time. Also, reducing

the state vector of the entire syste m by approximations

significantly reduces the required time. In this study

it was found that ignoring the two second order bending

modes of the Design Challenge aircraft made little

change in the SAS design yet greatly improved computer

time.

Recommendations for Future Study

In light of variou, droblems and insights encountered

during che course of this study, the following suggestions

are offered for future work using Paper Pilot:

1. Incorporate a pitch rate or normal accelera-
tion term into the pilot rating expression
in Pitch Paper Pilot.

2. Optimize pilot ratings with respect to pilot
lag as well as lead and gain, to study effects
on high frequency, low datping cases.

3. Find optimal SAS gains for the JACC Design
Challeon;e with a pre-filter included in the
system.

Applying some of these refinements, Pitch Paper

Pilot could prove to be a very useful tool in SAS design.

r.Mt
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Appendix A

Systen Equations in State Variable Form

Aiurcr t - 'aticns of :ot'cn

The linearized longitudinal short period equations

are (7: 3)

e =q (22)

Ma a+qq:". s a (23)Wg

Zaa+q+ZS J. +Z a  °  (24)

Since normal acceleration is used as a feedback state

in place of anqle or attack, an equation for normal acceler-

ation is needed. This is

¢%o
n z - (q-a) (25)

g

Substituting equation (24) into equation (25) and ignoring

the wind gust terms yields

= _ (-Z.a -Z 5 .
g ao

- Uo Z a - UO Z S (26)

M,
Using the fact that w = Uoa and letting M, = uo' Zw= ZaI

Z = UoZ ) equations (23), (24) and (26) can be rewritten

q = Mww +Mqq+M-sS (27)

W= Z. +Uoq+Z Se (28)

= v - _-C . (29)

cq preceding page blank
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The final short period equations are (22), (27) and (28)

Servoa:tuatr

The elevator servoactuator is represented by a first

order time lag, with a time constant of 0.05 seconds.

This is sho.rn in Figure 13.

Figure 13. Servoactua-or Model

The equation resulting from this is

S-20Se +20S (30)

Stability Augmentation System

The Stability Augmentation System (SAS) used is

shown in Figure 7. Stuctural flexibility was introduced

into the system through the pitch rate and normal accelera-

tion sensors. The sensors are rigidly fixed to the air-

craft and cannot be moved to a "node" to remove the

effects of body bending. However, as shown in Figure 7,

C" the sensor outp,.its are filtered before fed back. The

sensor outputs alzo contain and-iti-e white nioise.
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For Lhi.s aircraft, the break freque ncy of -he filter

was chS-I as . This was the value arrived at by

Sherrard, _ ... represented a good choise of maxiimum

attenuation cf body bendi ng effects with minimum

attenuation of the rigid body dynamics (8:28).

From the desiL!n challenge the indicated pitch rate

and indic:;:ed normal acceleration measurement ecuations

are

qi = q-A 611  A 6 2 + n (31)

nzi = nz+ Ig (Lz+Onlb1 +n 2 u 2 )+n z  (32)

The first order filter yields the two expressions

nzf =-Wfnzf + fnzi (33)

qf =-wlqf + wfqi (34)

The first and secc¢nd body bending modes are represented

by
{51+ (2 w 1  + ( 1)2 1  (35)

6 2 + (252 0 2 ) C2 + ( ? u2 Se (36)

Letting

r=01

S = 2 (37)

and substituting in the values of L , and i' yield the

body bending equations as used here

r=+ .06r + 900 -4UoZ S (38)

+ s + 2500 '2 = -4UoZJ Se (39)

r4
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The final SAS output is

S = S e + qrf Knnzf (40)

Multiplying equation (34) by Kq, equation (33) by KnI

and combining

Kqqf + KnZf
C-cf (Kqqf + Knnf-1 + uf1l i  x Knnz iI  (41)

Now define a new state.

Kqqf + Knnzf (42)

Differentiating this and equating the result to (41)

U=Pf + '\qq- + fKnnZi (43)

Substituting equations (27) and (29) into (32) yields

nzi = -gZww - qZseJe

1 (LzMw+LzMqq+LzMjee  (44)

g (Onlr + Onz) + nzn

Finally, after substituting equations (31) and (44) into

ec-iation (43), the final equation for A3 results

+ Uf(Kq +_1 LzM0 ) q

+ c f L (-ZW +Lz W )

+ L'fKn [-Z ' +Lz INe - 4Z ( nl+ n2)]
9 e e 1C ~

i
r .7
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K 25Q~ -0 2 )
g

9jfqql.f~l~~(5

0nV1r

ZT4

25 0w0Ln0,2U
r,

+ - ~ - q n ,: Kn z (5
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A :endix 13

State Equationis from the Pilot Model

As sho 'Wn :-fvg,, ", the pilot moOd. responds to a

pitch error through a lag and lead network and pure time

delay, with remnant added at the output. The output of

the pilot model, modified by the system feedback, is the

comnmand to the actuator.

Time Delay. For purposes of simplicity of calcula-

tion and modelirnq, the time delay is approximated by the

Pade expansicn, thu.s

-- T 5 5 ,-s+0.5,)

e (s+ 0TTT (46)

/"N This can be re-written

"(47)

Define a new state

SS- S+ 5 (48)

By substitution 2

Y ( y+ 2  (49)

Lag-lead Network. Now, from the transfer function

S" Kp(Th.15l) (5 )

of (TiS +2)

letting E0=ec-e and a='

'T- KPTLc _ IK:T L +p8 P 9 p (51)

Define a new state

CY Y2 =TI S -KLpTL c (52)

Preceoing page blank
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By substitution

- -RpTLq+Kp%4-p9 (53)

From the equation fcr Y2

Pitch Co-=and. From the system diagram, Figure 7, the

corcnmandc-d pitch, G., is

E) (55)

where is a zero-mean gaussian white noise, Therefore

6C = - bec+ 6 (56)

Actuator Equation. Again from the system diagram,

the actuator equation is

0 s= Ls+ TI (57)
Te eT )

However, since, from the system diagram,

£= S_ S~ 4SY, - +' S. ~ (58)

and from Appendix A,

SS K< Se + / (59)

By substitution

= ' Te e - e T 'r ,oo)

Remnant. From the system diagram. Figure 7

5 _ i _5 (61)
. .ri
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which can be re-writ.rt n

Sr S' + 5r (62)

Systne at_.. By proper substitution of the above

results, the equations shown below are formed. When

combined with th-,z airframe and SAS equations from Appendix

A, they form a cormpste set of system equations for this

pilot-vehicle :.ode'l.

2 2 +2KOTL (63)

Y2 = -K+T-q- - -LK- ( )
- (64)

~bGC + (56)

-)=--±(1+K +s +Yu (
Te Se TeT 12 (65)

Jr = T Sr + (62)

(7
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Flight Condition I

cm•

'-'



GGC/EE/731-3

..............................................

0-0 10 ~.03.0

0A ......

...........

n.7 ..

.. L

4 '

0. 7



G GC //7 3-

6.0.

0. Q.0-\

F -a ------- -

Cor,'> -Ior 1



G Gr 0 E / 73-

-11

T/ c, C



GGC/E/U:>3

0.0 1.



--- 7'



G G.','

0.o3:

if, u n. 1-



0.0.

. . . . . . . . 0. . . . . . . .. ..-- -

o.



r -- -------

0.0 1; _ _

T/

r- ',0 , C 7



GGC~~U -- -Ev. 7 --

GQCnz7-

en- -0

I .

0.0 2 0



G~ Gw C 5

GC~C/Y~I 7'i



G GO L, /

O.Ta
- 1.0 2~TiT:.0

0.C[\0- 1.0



rw - w Y -

I

~1

-.. ~ ... I* I
9 1 -I
9 1

*~~'F / ~x~.:7z:: - - ..--

Li ~ ~ I II . .3
k.-"

I I
~

].,~. '7.. 7.c I- j
I ',

I
I
I

I I

I iv~t ~
I . II ' ' I'

j h~ 1 1
I "N

11 1. 1iI ~i ~ I

V... ~ *

- - .-. .9.- .'



I

7 .. . .. . .

. ... 
.

. ... --- ... 1 . _- -. _ _ . .

*r .. .. ,

..........
* .. .. I I .

i-'" ,''' ';  " -:.......................... .......... "".. .............. "' -"......... " .

i "----- . .__ -- .2 ._._,.. _ ., _... _ __

....................................

S.I -I .

Figuro 24., i c:- q .C. c .A r , ': i .° '  ........ o-r: V.. ii
" O "Pr- ""od",, - : 7 ' r.•  

.' : r..c i!0r, ;
}:rcj.. ;,'Z quC2'. .. . " J r l -,, c.



/ 2.

. . . . 140

e ,i ? I jn

Fr'--'I.:, 2 rnr/s c



-- V

7i1tCr~~

& A__ _ __ _



/ /T

nzSI /

Cordition 9.



J, . l .1

Il,- r 2 7 -

Cn iion



0. 0

6I0-

- -.o- --.-

WN



G r, l / -

Pi*r 201. r* ra c on c ,

o, r.oro ra

I f, P c



n..

-, 2 0

F, .. I

Fi urc O.Cio.,'c3 looLD .'rc'raft oorewt.:
F iIt cr for F*. irlit Con Itio. n; Lr ak

Fro ~ Reprodu2crdd/rem
betaalaN oy



FGGOC~tO~i

.7)-h



-

*----- 
-- -

- - - - -. 0 "p 0- --

i /,

-A i a 1, 3 r o



Tb

rLS u e- F .o--r o

F. I ;,h Co o



POW~

0.01. 0

/ -T

7 - - -

0.01.

u .r e 15. Oo'. c &x'-)p A t r~ 4 1 . t

Uoo



oG 0C/ ,'7 -

r~10 - p 7 7

0, /

I2.

T I

-- --. O .---.

0.0 __io2

Fii;ure 34. Clo:7ed I>ozp Aircraft Resroni c nith
1Pre-?jlt~r for FiKtCondjition 13;
;.re'ak rirequency 2rad,/1 ,ec.



1-0 0 3.0

0O33j

Figure 35. Typical ALi'craft RcsononsQ to a Srocified
Vertical 'Uind Gust.

((

IL



GGC/EE/73-3

Appenaix D

Pre-Filter Equations

Sp +(66)

5 - (67)

=pp Sp + (68)

From Appendix B,

= KpTL (69)
T,- Y2- T,

Substituting euIation (69) into equation (E6), and then

into equation (68)

pyl- 6 2Y2- T + WP

= + W (70)

The resulting new state equation for S'is

= l 
y -fT

Also from Figure 12

'= T -r Se (72)

Substituting equation (67) into equation (72) yields

S- -p (73)

Since from Appendix A z 4

= + /3 (59,

Preceding page blank



we ca~ u: z er nat o n ( to e cu~to (v)t

get te s~ .qua~t ion. in Oe

Je[+1Ks~~ + (74)

-which is ach~in,;e to the,, previous eouatir*n for &
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